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Abstract—In this contribution a range of coded modulation
(CM)-assisted radial basis function (RBF)-based turbo equaliza-
tion (TEQ) schemes are investigated when communicating over
dispersive Rayleigh-fading channels. Speciﬁcally, 16 quadrature
amplitude modulation-based trellis coded modulation (TCM),
turbo TCM (TTCM), bit-interleaved coded modulation (BICM),
and iteratively decoded BICM (BICM-ID) are evaluated in the
context of an RBF-based TEQ scheme and a reduced-complexity
RBF based in-phase/quadrature-phase (I/Q) TEQ scheme. The
least mean square (LMS) algorithm was employed for channel
estimation, where the initial estimation step-size used was 0.05,
which was reduced to 0.01 for the second and the subsequent
TEQ iterations. The achievable coding gain of the various CM
schemes was signiﬁcantly increased, when employing the pro-
posed RBF-TEQ or RBF-I/Q-TEQ rather than the conventional
noniterative decision feedback equalizer (DFE). Explicitly, the
reduced-complexity RBF-I/Q-TEQ-CM achieved a similar per-
formance to the full-complexity RBF-TEQ-CM, while attaining
a signiﬁcant complexity reduction. The best overall performer
was the RBF-I/Q-TEQ-TTCM scheme, requiring only 1.88 dB
higher signal-to-noise ratio at BER = 10 5, than the identical
throughput 3 b/symbol uncoded 8 PSK scheme communicating
over an additive white Gaussian noise channel. The coding gain of
the scheme was 16.78 dB.
Index Terms—Bit-interleaved coded modulation (BICM), it-
eratively decoded BICM (BICM-ID), coded modulation (CM),
in-phase/quadrature-phase (I/Q), radial basis function (RBF),
trellis coded modulation (TCM), turbo equalization (TEQ), turbo
TCM (TTCM).
I. INTRODUCTION
S
PECTRAL efﬁciencyis of primary concern in mobilecom-
munication systems owing to the scarcity and high price of
the radio spectrum available for mobile radio services. In an ef-
fort to efﬁciently exploit the available spectrum, coded modu-
lation (CM) schemes, which are based on combining the func-
tions of channel coding and modulation, were proposed [1], [2].
In this contribution, trellis coded modulation (TCM) [1], [2],
turbo TCM (TTCM) [1], [3], bit-interleaved coded modulation
(BICM) [1], [4], [5], and iteratively decoded BICM (BICM-ID)
[1], [6] will be studied. Furthermore, channel equalization is
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invoked for mitigating the effects of intersymbol interference
(ISI) in the context of single carrier modulation, when commu-
nicating over frequency selective channels.
A radial basis function (RBF)-based equalizer [7] constitutes
a nonlinear equalization scheme, which formulates the channel
equalization procedure as a classiﬁcation problem. More ex-
plicitly, in conventional equalizers [8], [9] the received signal
is linearly ﬁltered with the aid of the channel equalizer, which
aims to mimic the inverse of the channel’s impulse response
(CIR). By contrast, given the CIR, the RBF-based equalizer
determines all possible channel outputs engendered by the
set of legitimate transmitted symbols and then classiﬁes each
received symbol into the nearest legitimate channel output,
which allows us to infer the speciﬁc symbol transmitted. The
application of nonlinear RBF-based equalizers has been studied
in conjunction with channel codecs [10], [11], space-time codes
[12] as well as turbo equalization (TEQ) [13]. The bit-error
ratio (BER) performance of RBF-based TEQ presented in [13]
was found to be similar to that of conventional trellis-based
TEQ (CT-TEQ) [14] employing a log-MAP equalizer in the
context of quadrature amplitude modulation (QAM), although
CT-TEQ performs better than RBF-TEQ during the ﬁrst turbo
iteration. The RBF-assisted TEQ schemes are however capable
of maintaining a lower complexity than their conventional
trellis-based counterparts, when communicating over both
dispersive Gaussian- and Rayleigh-fading channels, while
maintaining a similar performance, after a few turbo iterations.
ThecomplexityoftheRBF-TEQschemecanbefurtherreduced
by invoking the in-phase/quadrature-phase turbo equalization
(I/Q-TEQ) technique, while maintaining a similar performance
to that of the CT-TEQ [11]. Explicitly, the philosophy of car-
rying out the equalization of the in-phase and quadrature-phase
components separately is appealing, since the dimensionality
of the I and Q components is signiﬁcantly lower than that
of the complex constellation, which reduces the equalizer’s
complexity. However, this principal can only be invoked in
conjunction with TEQ where the associated gross simpliﬁca-
tion of considering the I and Q components in isolation and,
hence, disregarding their channel-induced cross-coupling is
compensated by the turbo-equalizer’s consecutive iterations
[1].
The rest of this paper is organized as follows. The TEQ
scheme utilizing a symbol-based MAP decoder is introduced
in Section II and a novel RBF-TEQ based CM scheme is
presented in Section III. The reduced-complexity I/Q-TEQ phi-
losophyis introduced inSection IV, while a reduced complexity
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RBF-I/Q-TEQ based CM scheme is proposed in Section V.
Finally, we will offer our conclusions in Section VI.
II. TURBO EQUALIZATION USING SYMBOL-BASED
MAP DECODER
In a noniterative RBF equalizer-based system channel equal-
ization and channel decoding are performed independently.
However, it is possible to improve the receiver’s performance,
if the equalizer is fed by the channel outputs plus the soft
decisions provided by the channel decoder, invoking a number
of iterative processing steps. This novel receiver scheme was
ﬁrst proposed by Douillard et al. [15] for a convolutional coded
binary phase shift keying (BPSK) system, using a similar
principle to that of turbo codes and, hence, it was termed TEQ
[1]. This scheme is illustrated in Fig. 1, which will be detailed
during our forthcoming discourse. Gertsman and Lodge [16]
extended this work and showed that the iterative process of
TEQ is capable of compensating for the performance degrada-
tion imposed by imperfect channel estimation. In [17], TEQ
was implemented in conjunction with turbo coding, rather than
conventional convolutional coding, by Raphaeli and Zarai,
which demonstrated an increased performance gain owing
to turbo coding as well as with the advent of enhanced ISI
mitigation achieved by TEQ.
A. Principle of TEQ Using Symbol-Based MAP Decoder
Theprinciplesofbit-based iterativeturbodecoding [18]were
modiﬁed appropriately for employment of the symbol-based
-ary coded modulation system of Fig. 2. As seen in the ﬁgure,
a data symbol is fed into the channel encoder in order to
yield a channel encoded symbol of bits.
The interleaved channel encoded symbol is mapped to an
-ary symbol before transmission. In this scheme, the channel
is viewed as an “inner encoder” of a serially concatenated
arrangement, since it can be modeled with the aid of a tapped
delay line similar to that of a convolutional encoder [15], [19],
as it was also demonstrated in [11, Sec. 16.5]. At the receiver,
the equalizer and decoder employ a soft-in soft-out (SISO)
algorithm, such as the optimal maximum a posteriori (MAP)
algorithm [1], [20] or the log-MAP algorithm [1], [21]. The
SISO equalizer processes the a priori information associated
with the coded symbol transmitted over the channel and—in
conjunction with the channel output values —computes the a
posteriori information concerning the coded symbol. The soft
values of the coded bits constituting the channel coded symbol
are normally quantiﬁed in the form of a log-likelihood ratio
[15]. However, here we will quantify them in the form of the
symbol probabilities using the symbol-based MAP decoder
[1], [3]. Note that in the context of TEQ, the a posteriori
information concerning all the coded bits is required, whereas
in the context of conventional turbo channel decoding, only the
a posteriori information of the information bits are computed.
InourdescriptionoftheturboequalizerdepictedinFig.1,we
have used the notation and for denoting the log-domain
probability (LP) values output by the SISO equalizer and SISO
decoder, respectively. The subscripts , , , and were used to
represent the extrinsic LP, the combined channel and extrinsic
Fig. 1. Iterative TEQ schematic.
LP, the a priori LP and the a posteriori LP, respectively. Refer-
ring to Fig. 1, the SISO equalizer processes the channel outputs
and the a priori information of the coded symbol, and
generates the a posteriori LP values of the interleaved
coded symbol seen in Fig. 2. Before passing, the a posteriori
LPs generated by the SISO equalizer to the SISO decoder of
Fig. 1, the contribution of the decoder—which is represented in
theformoftheaprioriinformation —accruingfromthe
previous iteration must be removed, in order to yield the com-
bined channel and extrinsic information seen in Fig. 1.
To expound a little further, the channel and extrinsic informa-
tion are referred to as “combined,” since they are intrinsically
bound and cannot be separated. However, note that at the initial
iteration stage no a priori information is available yet. To elab-
orate further, the a priori information was removed at
this stage, in order to prevent the decoder from processing its
own output information, which would result in overwhelming
the decoder’s current reliability-estimation characterising the
codedbits,i.e.,theextrinsicinformation.Thecombinedchannel
and extrinsic LP values are channel-deinterleaved—as seen in
Fig. 1—in order to yield which is then passed to the
SISO channel decoder. Subsequently, the channel decoder com-
putes the a posteriori LP values of the coded symbol.
The a posteriori LP’s generated at the output of the channel de-
coder consists ofthe extrinsicLP and thechannel-dein-
terleaved combined channel and extrinsic LP extracted
from the equalizer’s a posteriori LP . The extrinsic part
can be interpreted as the incremental information concerning
the current symbol obtained through the decoding process from
all the information available due to all surrounding symbols im-
posed by the code constraints, but excluding the information di-
rectly conveyed by the symbol. This information can be calcu-
lated by subtracting on a symbol-by-symbol basis the LP values
at the input of the decoder from the a posteriori LP
values at the channel decoder’s output, as seen also in
Fig. 1 TEQ, yielding
(1)
The extrinsic information of the coded symbol is then
interleaved as shown in Fig. 1, in order to yield , which
is fed back in the required symbol-order to the channel equal-
izer, where it is used as the a priori information in
the next equalization iteration. This constitutes the ﬁrst itera-
tion. Again, it is important that only the channel-interleaved ex-
trinsic part—i.e. of —is fed back to the equal-
izer,sincetheinterdependencebetweentheaprioriinformation
used by the equalizer and the previous deci-
sions of the equalizer should be minimized. This independence
assists in obtaining the equalizer’s reliability-estimation of the2200 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 3, NO. 6, NOVEMBER 2004
Fig. 2. Serially concatenated coded -ary system using the turbo equalizer, which performs the equalization, demodulation and channel decoding iteratively.
coded symbols for the current iteration, without being “inﬂu-
enced”byitspreviousestimations.Ideally,theaprioriinforma-
tion should be based on an independent estimation. As argued
earlier, this is the reason that the a priori information is
subtracted from the a posteriori LP value at the output
of the channel equalizer in Fig. 1, before passing the LP values
to the channel decoder. In the ﬁnal iteration, the a posteriori
LPs of the information symbols are computed by the
channel decoder.
Previous TEQ research has implemented the SISO equalizer
usingthesoft-outputviterbialgorithm(SOVA)[15],theoptimal
MAP algorithm [14], and linear ﬁlters [22]. We will now in-
troduce the RBF based equalizer as the SISO equalizer, which
will be employed in the context of TEQ using the symbol-based
MAP algorithm.
III. RBF ASSISTED TEQ OF CODED MODULATION SCHEMES
The RBF network-based equalizer is capable of utilising the
a priori information provided by the channel decoder
of Fig. 1, in order to improve its performance. This a priori in-
formation can be assigned namely to the weights of the RBF
network [23]. In turn, the RBF equalizer provides the decoder
with the a posteriori information concerning the coded
symbol. We will now provide a brief overview of symbol-based
coded modulation assisted, RBF aided TEQ. Note that this pro-
cedure is different from the separate bit-based channel coding
and modulation philosophy outlined in [11, Sec. 11.2].
A. System Overview
The conditional probability density function (pdf) of the th
symbol, , associated with the th subnet of the
-ary RBF channel equalizer having a feedforward order of
is given by [11]
(2)
where
(3)
is the RBF’s weight and
(4)
is the activation function [11]. Furthermore, are the RBF’s
centers, which are assigned the values of the channel output
states in order to arrive at the Bayesian equalization solution
[11], [24], is the received symbol sequence and is the
noise variance of the channel. The actual number of channel
states is determined by the speciﬁc design of the algorithm
invoked, but in general, we aim for reducing the number of
channel states from the optimum number of ,
where is theequalizerfeedforward orderand istheCIR
duration [25]–[27], to a lower value for the sake of reducing the
computational complexity.
Theterm in (2) is thereceivedsymbol sequence,as shown
inFig.2.Explicitly, consistsofthechanneloutputsobserved
by the th order equalizer, which can be expressed in an -di-
mensional vectorial form as
(5)
The channel input state associated with the th subnet of the
-ary RBF channel equalizer is given by the vector , which
is also referred to as the channel input vector. Explicitly, this
vector consists of the th possible combination of the
number of transmitted symbols, namely by
(6)
where is the equalizer’s decision delay and translates the
th -arysymboltothecomplexplane.Thechanneloutputstate
associated with the th subnet of the -ary RBF channel
equalizer is the product of the CIR matrix and the channel
input states . The variable is also referred to as the channel
output vector and it is expressed as [11]
(7)
where the -transform of the CIR having a memory of
symbols is represented by and is an
matrix given by the CIR taps as follows:
. . .
. . .
. . .
(8)
The RBF weights correspond to the a priori probability
of the channel states , , ,a s
shown in (3). The probability of the channel states and,
therefore, the weights of the RBF equalizer can be derived from
the a priori information estimated by the symbol-based
MAPchanneldecoder.Explicitly, istheinterleavedver-
sion of the extrinsic information in (1). Based on (7),
assuming a time-invariant CIR and that the symbols in the se-
quence are statistically independent of each other with the
advent of using the interleaver, the probability of the received
channel output states is given by
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where the transmitted symbol vector component , i.e., the
th symbol in the vector of (6), is given by number
of bits , which constitute the coded symbol
. Explicitly, the transmitted symbol vector component
is mapped to the coded symbol .
In summary, the computation of the pdf of the
th symbol in (2), , which is associated with the
th subnet of the -ary RBF channel equalizer, requires the
knowledge of the channel states’ a priori probability ,
whendeterminingtheRBFweights ,asshownin(3).Finally,
can be computed from (9) using the a priori information
. Explicitly, is the interleaved version of the ex-
trinsic information of (1), and the a posteriori informa-
tion is obtained from the channel decoder. Therefore,
we have demonstrated how the soft output provided by
the symbol-based MAP channel decoder of Fig. 1 can be uti-
lized by the RBF equalizer.
On the other hand, the th subnet of the -ary RBF equalizer
provides the a posteriori LP value of the th coded symbol
according to
(10)
where was deﬁned by (2), while the term
is a normalization factor, ensuring that
we have and the received sequence
is deﬁned in (5).
B. Simulation Results and Discussions
We employed the Jacobian RBF-decision feedback equalizer
(DFE) of [11], [28], which reduced the complexity of the RBF
equalizer by utilizing the Jacobian logarithmic function [21],
and decision feedback assisted RBF-center selection [11], [23]
as well as a TEQ scheme using a symbol-based MAP channel
decoder. The RBF-DFE-based TEQ is speciﬁed by the equal-
izer’s decision delay , the feedforward order and the feed-
back order . Speciﬁcally, we employed , , and
. The transmitted -bit information symbols are
encoded by a rate- CM encoder, interleaved and
mapped to an -ary modulated symbol where .W e
utilized 16QAM in order to obtain an effective transmission
throughput of information bits per symbol (BPS).
All the 16QAM-based CM schemes employed exhibited a sim-
ilardecodingcomplexityforthesakeofafaircomparison.More
speciﬁcally, a component TCM (or BICM) code memory of 3
was used for the TTCM (or BICM-ID) scheme. The number of
iterations for TTCM (BICM-ID) was ﬁxed to 4 (8). Hence, the
iterativeschemeexhibiteda similar decoding complexityto that
oftheTCM(BICM)codeofmemory6whenquantiﬁedinterms
of the number of coding states [1].
The transmission burst structure used in this system is the
FMA1 nonspread data burst speciﬁed by the Pan-European
FRAMES proposal [29], which is shown in Fig. 3. When
considering a time-division multiple-access (TDMA) system
having 16 slots per 4.615 ms TDMA frame, the transmission
burst length is 288 s, as shown in Fig. 3. In our investiga-
tions, the transmission delay was limited to approximately
Fig. 3. Transmission burst structure of the FMA1 nonspread speech burst of
the FRAMES proposal [29].
ms ms. This corresponds to a transmission
delay of 8 TDMA frames and a channel interleaver depth of
symbols can be employed.
A two-path, symbol-spaced CIR of equal tap weights was
used, which can be expressed as ,
where and the Rayleigh-fading statistics obeyed a nor-
malized Doppler frequency of 3.25 10 . The fading magni-
tude and phase was kept constant for the duration of a transmis-
sion burst,acondition whichwe refertoas employingtransmis-
sion burst-invariant fading. The least mean square (LMS) algo-
rithm [30] was employed for estimating the CIR based on the
training sequence of the transmission burst, as seen in Fig. 3. It-
erative CIR estimation was invoked, where the initial LMS CIR
estimation step-size used was 0.05, which was reduced to 0.01
for the second and the subsequent iterations. This LMS-aided
CIR estimation was outlined in [11].
Fig. 4 illustrates the BER and FER versus signal-to-noise
ratio (SNR) per information bit, namely performance
of the RBF-TEQ scheme assisted by 16QAM-based TCM,
TTCM, BICM, and BICM-ID, when communicating over
a dispersive channel having an equally-weighted two-path
Rayleigh-fading CIR and utilising iterative LMS-based CIR
estimation. The iteration gains of TEQ can be observed by
comparing the performance of the ﬁrst and third TEQ iteration
of the systems. The BER and FER performance of the iden-
tical-throughput uncoded 8PSK scheme communicating over
nondispersive additive white Gaussian noise (AWGN) channels
was used as a benchmark for the 16QAM-based RBF-TEQ
arrangement using various CM schemes communicating over
the aforementioned dispersive Rayleigh-fading channels. We
found in Fig. 4 that at a BER of 10 , the BER curves of the
TTCM, BICM, and BICM-ID assisted schemes are only about
2 dB away from the benchmark. However, as seen in Fig. 4,
the TCM assisted scheme improves less rapidly than that of
the other schemes, partly owing to the existence of unprotected
bits in the TCM coded symbols and partly as a consequence of
beneﬁting from no internal iterations. The BER disadvantage of
TCM caused by the unprotected bits is overcome by BICM and
BICM-ID, since they protect all bits, while TTCM does not, but
nonetheless beneﬁts from inner iterations. On the other hand,
the FER performance of the TTCM, BICM, and BICM-ID
assisted RBF-TEQ schemes was found in Fig. 4 to be better
than that of the benchmark at low SNR values. Furthermore,
it was found from our simulations that the achievable perfor-
mance gain remained only marginal when more than three2202 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 3, NO. 6, NOVEMBER 2004
Fig.4. BERandFERversusE =N performanceoftheRBF-TEQforvarious
CM16QAMschemes, whencommunicatingover thedispersivechannel having
an equally-weighted two-path Rayleigh-fading CIR.
Fig. 5. BPS throughput versus E =N performance at BER = 10 of the
RBF-TEQ for various CM 16QAM schemes, when communicating over the
dispersive channel having an equally-weighted two-path Rayleigh-fading CIR.
TEQ iterations were employed. It is illustrated in Fig. 4 that
the RBF-TEQ-BICM scheme attained the highest TEQ gain
compared to its counterparts. The RBF-TEQ-BICM scheme
is also the best performer in terms of the achievable FER, but
the RBF-TEQ-TTCM arrangement has the edge in terms of the
BER attained.
In order to compare the performance of the RBF-TEQ as-
sisted CM scheme to that of the conventional DFE assisted CM
scheme, we have plotted in Fig. 5 the BPS throughput versus
performance of the RBF-TEQ-assisted CM-16QAM
scheme at BER when employing LMS CIR estimation
and that of the conventional DFE assisted CM-16QAM scheme
assuming perfect CIR knowledge, when communicating over
the two-path Rayleigh-fading channel. The conventional DFE’s
feedforward order and feedback order were set to seven
and one, respectively, since we found from our simulations
that further increasing the values of and yielded no
signiﬁcant performance improvement when communicating
over the two-path Rayleigh-fading channel. Speciﬁcally, the
conventional DFE exhibits a lower complexity than that of the
RBF-DFE. However, the BER performance of the conventional
DFE scheme is lower than that of its RBF-DFE counterpart
owing to experiencing an error ﬂoor in the high SNR region
[11]. From Fig. 5, we notice that the conventional DFE assisted
CM-16QAM schemes exhibited approximately 4–7 dB coding
gain compared to the identical-throughput conventional DFE
assisted uncoded-8PSK scheme at a BER of 10 . However,
the achievable coding gain of the various CM schemes was sig-
niﬁcantlyincreasedwhentheRBF-TEQschemewasemployed,
although this was achieved at a higher complexity owing to em-
ploying an increased number of iterations. Explicitly, a coding
gain ranging from 10 to 17 dB was achievable at a BER of 10
by the various CM schemes against the identical-throughput
conventional DFE assisted uncoded-8PSK scheme, when the
RBF-TEQ scheme used three iterations.
Having studied the performance of the RBF-TEQ arrange-
ment employing various CM schemes, let us now commence
our discourse on employing CM schemes in the context of the
reduced complexity IQ-TEQ system, to be described in Sec-
tion IV.
IV. PRINCIPLE OF I/Q EQUALIZATION
We denote the modulated signal by , which is transmitted
over the dispersive channel characterized by the CIR . The
signal is also contaminated by AWGN exhibiting a vari-
ance of , where is the single-sided noise power
spectral density. The received signal is then formulated as
[11]:
(11)
where we have
(12)
since the CIR is complex-valued and, therefore, consists of
the I component and Q component . On the same
note, and are the I and Q components of , while
and denote thecorrespondingAWGN components.
Both of the received I/Q signals, namely and of (12)
become dependent on both and owing to the cross-
coupling effect imposed by the channel having a complex CIR.
Hence, a conventional channel equalizer, regardless of whether
itisaniterativeornoniterativeequalizer,wouldhavetoconsider
the effects of this cross-coupling.
However, it was shown in [11] that we can compute the I and
Q components of the decoupled channel output , as though
they were dependent on or only, in the context of
the following equations [11]:
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where and
are the corresponding noise component for and ,
respectively. Note that in (13), we have assumed perfect signal
regeneration, i.e., and ,a s
well as perfect channel estimation, i.e., and
, in order to highlight the underlying principle
of the reduced complexity equalizer. More explicitly, the re-
moval of the cross-coupling imposed by the complex CIR is
facilitated by generating the estimates and of the
transmittedsignal[22]withtheaidofthereliability information
generated by the channel decoder and then by cancelling the
cross-coupling effects imposed by the channel, yielding
and , respectively. In the ideal scenario, where perfect
knowledge of both the CIR and that of the transmitted signal is
available,itisplausiblethatthechannel-inducedcross-coupling
between the quadrature components can be removed. However,
when unreliable symbol estimates are generated owing to
the channel-impaired low-conﬁdence reliability values, errors
are introduced in the decoupling operation. Nonetheless, we
will show that the associated imperfect decoupling effects are
compensated with the aid of the iterative TEQ process in its
consecutive iterations.
Following the decoupling operation, the modiﬁed complex
channel outputs, namely and of (13), respectively,
can be viewed as the result of convolving both quadrature com-
ponents independently with the complex CIR on each quadra-
ture arm. Consequently, we can equalize and inde-
pendently, hence reducing the number of channel states and the
associated complexity quite signiﬁcantly.
V. RBF ASSISTED REDUCED COMPLEXITY IQ-TEQ OF CODED
MODULATION SCHEMES
In the RBF-I/Q-EQ scheme, we utilized the principle of
separate I/Q equalization outlined as in Section IV, where
two separate RBF equalizers were used for the in-phase
and quadrature components of the transmitted symbols. The
in-phase-RBF-EQ has RBF centers, which consist of the
in-phase decoupled channel output of (12) and vice-versa
for the quadrature-RBF-EQ. The number of possible channel
output states is reduced, since the decoupled channel output
is dependent on 1 number of possible in-phase or
quadrature-phase transmitted symbols instead of the original
number of possible symbols.
A. System Overview
Fig. 6 illustrates the schematic of the turbo equalizer utilising
two reduced-complexity RBF-I/Q equalizers. The same nota-
tionemployedinSectionIIisusedinthissection.Thesubscripts
in Fig. 6 are used for representing the iteration index, while the
argument within the brackets () indicates the index of the re-
ceiver stage, where the equalizers are denoted as receiver stage
0, while the channel decoder as receiver stage 1.
The conventional minimummean square error (MMSE) DFE
seen at the top left corner of Fig. 6 is used for the ﬁrst TEQ it-
eration for providing soft decisions in the form of the LP
1Or approximately
p
for nonsquare constellations.
Fig. 6. Schematic of theturbo equalizeremployinga DFE anda SISOchannel
decoder in the ﬁrst TEQ iteration. In subsequent iterations, two RBF-I/Q-EQs
and one SISO channel decoder are employed. The notation ￿ represents a
channel interleaver, while ￿ is used to denote a channel deinterleaver.
to the CM decoder. Invoking the DFE at the ﬁrst iteration con-
stitutes a low-complexity approach to providing an initial esti-
mate of the transmitted symbols, as compared to the more com-
plex RBF-I/Q-EQ. The symbol-based MAP channel decoder of
Fig. 6 generates the a posteriori LP and from that, the ex-
trinsic information of the encoded symbols is extracted.
In the next iteration, the a posteriori LP is used for re-
generating estimates of the I and Q components of the trans-
mitted signal, namely and , as seen in the “Symbol
Estimate” block of Fig. 6. The a posteriori information was
transformedfromthelogarithmicdomaintomodulatedsymbols
usingtheapproachemployedin[22].Furthermore,basedonthe
received signal and the estimated signals and ,
the CIR is estimated in the “Channel Estimate” block to yield
and . The estimated transmitted quadrature compo-
nents and as well as the CIR estimates and
are then passed to the “Decoupler” block of Fig. 6. At the
“Decoupler” block, and are convolved with
and toyield , , ,and
.Theseresultantoutputsareusedforremovingthe
cross-coupling effect seen in (12), from both quadrature com-
ponents of the received signal , yielding and ,
according to (13).
After the decoupling operation, and are passed
to the RBF-I/Q-EQ in the schematic of Fig. 6. In addition to
these received quadrature signals, the RBF-I/Q-EQ also pro-
cesses the a priori information received, which consists of the
extrinsic LPs derived from the previous iteration, and
generates the a posteriori information . Subsequently, the
combined channel and extrinsic information is extracted
from both RBF-I/Q-EQs in Fig. 6 and combined, before being
passed to the Log-MAP channel decoder. As in the ﬁrst TEQ
iteration, the a posteriori and extrinsic information of the en-
coded symbol, namely and , respectively, are eval-
uated. Subsequent TEQ iterations obey the same sequence of
operations, until the iteration termination criterion is met.
B. Simulation Results and Discussions
In this section, we will study the performance of a number of
RBF-I/Q-TEQ schemes employing various CM schemes. Sim-
ilar simulation parameters to those outlined in Section III-B are2204 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 3, NO. 6, NOVEMBER 2004
Fig. 7. BER versus E =N performance of RBF-TEQ-TTCM and
RBF-I/Q-TEQ-TTCM 16QAM schemes, when communicating over the
dispersive channel having an equally-weighted two-path Rayleigh-fading CIR.
used.Again,theRBF-DFEbasedTEQisspeciﬁedbytheequal-
izer’s decision delay , the feedforward order and the feed-
back order . The number of RBF nodes is
and the number of scalar channel states of the Jacobian RBF
equalizer is , where we have for the
non-I/Q-based full-complexity RBF-TEQ system, while
for the I/Q based RBF-TEQ system. Again, is the con-
stellationsizeand istheCIRduration.Theestimatedcom-
putational complexity of generating the a posteriori LP for the
JacobianRBFequalizerisgivenby[28]:
number of additions/subtractions and number of multi-
plications/divisions. Here, we employed , , and
for the RBF-TEQ, as well as and
for the conventional DFE. Therefore, the “per-iteration” com-
plexity of the full-RBF-TEQ expressed in terms of the number
of additions/subtractions and multiplications/divisions is about
20704 and 512, respectively, while that of the RBF-I/Q-TEQ is
about 328 and 32, respectively. Note that in the context of em-
ploying 16QAM and communicating over a two-path Rayleigh-
fading channel, i.e., when , the number of RBF nodes
in the RBF-TEQ and RBF-I/Q-TEQ are and
, respectively. For the same system, the
trellis-based TEQ schemes such as the SOVA or the max-log
MAP equalizer would require a computational complexity on
the order of , which is comparable to that of the RBF-
I/Q-TEQ2 and is times lower than that of the
RBF-TEQ. Owing to lack of space, the performance of CM-as-
sisted trellis-based TEQ schemes is not studied in this paper.
Fig. 7 illustrates the BER versus performance of
the RBF-TEQ-TTCM and RBF-I/Q-TEQ-TTCM 16QAM
schemes, when communicating over a dispersive channel
having an equally-weighted two-path Rayleigh-fading CIR.
Our simulation results using perfect CIR estimation are also
shown in Fig. 7 for comparison. As we can see at the left of
Fig. 7, the RBF-TEQ-TTCM scheme employing LMS-based
imperfect CIR estimation, rather than perfect CIR knowledge,
exhibited some performance loss compared to an ideal system,
but the associated losses reduced rapidly, when the number of
TEQ iterations was increased. However, as illustrated at the
right of Fig. 7, the RBF-I/Q-TEQ-TTCM scheme employing
2Theauthorswouldliketothanktheanonymousreviewerforthisobservation.
Fig. 8. BER and FER versus E =N performance of the RBF-I/Q-TEQ for
variousCM16QAMschemes,whencommunicatingoverthedispersivechannel
having an equally-weighted two-path Rayleigh-fading CIR.
LMS-based imperfect CIR estimation exhibited only marginal
performance losses compared to the ideal systems employing
perfect CIR estimation. This is because the RBF-I/Q-TEQ
scheme reduces the effect of error propagation, since the set of
RBFcenterstobeselectedusingtheDFEmechanismisreduced
from to [11], [23]. The same observations are also
valid for the other CM schemes, although their performance
curves were not shown here for reasons of space economy.
Fig. 8 shows the BER and FER versus performance
of the RBF-I/Q-TEQ for various CM aided 16QAM schemes,
when communicating over the dispersive channel having an
equally-weighted two-path Rayleigh-fading CIR and utilizing
the iterative LMS-based CIR estimation of [11]. Again, the
BER performance of the identical-throughput uncoded 8PSK
scheme communicating over the nondispersive AWGN channel
was used as a benchmark for the 16QAM-based RBF-I/Q-TEQ
arrangement using various CM schemes, which communi-
cated over the dispersive two-path Rayleigh-fading channels.
It was found from our simulations that the achievable per-
formance gain remained marginal, when more than six TEQ
iterations were employed. Explicitly, the ﬁrst iteration of the
RBF-I/Q-TEQ-CM scheme employed a conventional DFE
rather than the RBF-DFE, hence the corresponding perfor-
mance is identical to that of the conventional DFE assisted
CM-16QAM schemes. Speciﬁcally, the achievable coding
gain of the various 16QAM-based RBF-I/Q-TEQ assisted CM
schemes against the identical-throughput conventional noniter-
ative DFE assisted uncoded-8PSK scheme increases with the
number of iterations. Again, the achievable coding gain of the
various RBF-I/Q-TEQ assisted CM schemes is signiﬁcantly
higher than that of the conventional noniterative DFE assisted
CM schemes, albeit this is achieved at a higher complexity.
Nonetheless, the complexity of the RBF-I/Q-TEQ scheme still
remains lower than that of the conventional trellis-based TEQ,
as argued in [11], [13].
It is also explicit in Fig. 8 that the RBF-I/Q-TEQ-BICM
scheme obtained the highest TEQ gains compared to its
counterparts. The RBF-I/Q-TEQ-BICM scheme is also the
best performer in terms of the achievable FER, but the
RBF-I/Q-TEQ-TTCM scheme is the best performer in terms
of the BER attained. Let us now compare the performance ofNG et al.: CM ASSISTED RADIAL BASIS FUNCTION AIDED TURBO EQUALIZATION 2205
Fig. 9. BER and FER versus E =N performance of the RBF-I/Q-TEQ and
RBF-TEQ for various CM 16QAM schemes, when communicating over the
dispersive channel having an equally-weighted two-path Rayleigh-fading CIR.
the RBF-I/Q-TEQ-CM scheme to that of the RBF-TEQ-CM
scheme in Fig. 9. It is found from Fig. 9 that the performance of
the RBF-I/Q-TEQ-CM scheme having six iterations is similar
to that of RBF-TEQ-CM having three iterations, except for
the RBF-I/Q-TEQ-TCM scheme, where the achievable FER
performance is about one decibel inferior in comparison to that
of the RBF-TEQ-TCM scheme.
Fig. 10 illustrates the BER versus performance of
the TTCM assisted RBF-I/Q-TEQ and RBF-TEQ schemes on
an iteration by iteration basis. In terms of the attainable BER,
the performance of the ﬁrst three iterations of RBF-I/Q-TEQ-
TTCM is inferior to that of the ﬁrst iteration of RBF-TEQ-
TTCM for BER values below 10 . This is due to the em-
ployment of a conventional DFE during the ﬁrst iteration of the
RBF-I/Q-TEQ-TTCM scheme, as well as owing to the imper-
fect I/Q decoupling effects, when unreliable symbol estimates
are employed. However, as more reliable symbol estimates be-
come available with the aid of the iterative TEQ scheme during
the forthcoming iterations, the performance of RBF-I/Q-TEQ-
TTCMbecomescomparabletothatofthefull-complexityRBF-
TEQ-TTCMarrangement.Eventually,theperformanceofRBF-
I/Q-TEQ-TTCM having eight iterations is identical to that of
RBF-TEQ-TTCM having four iterations for BER values below
10 , as shown in Fig. 10. Note that the complexity imposed by
the conventional DFE during the ﬁrst RBF-I/Q-TEQ iteration
is insigniﬁcant compared to that of the remaining RBF-based
iterations. Hence, we should compare the complexity of the
RBF-DFE assisted scheme using seveniterations in the eight-it-
erationaidedRBF-I/Q-TEQ-TTCMschemeshowninFig.10,to
that of the four-iteration full RBF-TEQ-TTCM scheme shown
in Fig. 10. Therefore, it can be shown that complexity reduction
factors of 4/7 20704/328 36 and 4/7 512/32 9
were obtained in terms of the required number of additions/sub-
tractions and multiplications/divisions, respectively.
Speciﬁcally, asshown in Fig. 10, the3-BPS throughput RBF-
I/Q-TEQ-TTCM schemeemploying eightiterations required an
ofabout14.85dBatBER whencommunicating
overdispersivetwo-pathRayleigh-fadingchannels.Bycontrast,
the identical 3-BPS throughput uncoded 8PSK AWGN bench-
mark and the conventional DFE assisted uncoded 8PSK scheme
communicating over the dispersive two-path Rayleigh-fading
Fig. 10. BER versus E =N performance of the RBF-I/Q-TEQ-TTCM and
RBF-TEQ-TTCM 16QAM schemes, when communicating over the dispersive
channel having an equally-weighted two-path Rayleigh-fading CIR.
channels required an of 12.97 and 31.63 dB, respec-
tively, at BER . Therefore, the RBF-I/Q-TEQ-TTCM
scheme employing eight iterations, required only about
dB higher SNR at BER , than the iden-
ticalthroughput3-BPSuncoded8PSK-AWGNbenchmark.The
coding gain of the scheme is about dB
at BER .
VI. CONCLUSION
The BER performance of both the 16QAM-based
RBF-TEQ-CM and RBF-I/Q-TEQ-CM schemes when commu-
nicating over wideband-fading channels, was found to be only
about 2 dB away from the identical-throughput uncoded 8PSK
scheme communicating over AWGN channels. We found that
the RBF-I/Q-TEQ scheme employing LMS-based CIR estima-
tion exhibited only marginal performance losses compared to
ideal systems employing perfect CIR estimation. This is be-
cause the effect of error propagation was reduced signiﬁcantly
when employing RBF-I/Q-TEQ scheme, compared to that of
the complex-valued RBF-TEQ scheme.
Our simulation results show signiﬁcant complexity reduc-
tions for the RBF-I/Q-TEQ-CM scheme when compared to
complex-valued RBF-TEQ-CM, while achieving virtually
the same performance. This was demonstrated in Figs. 9
and 10. Speciﬁcally, complexity reduction factors of 36
and 9 were obtained by RBF-I/Q-TEQ-TTCM compared to
RBF-TEQ-TTCM, in terms of the required number of addi-
tions/subtractions and multiplications/divisions, respectively.
Among the four CM schemes, the best performer was TTCM
followed by BICM, BICM-ID and TCM in terms of the achiev-
able BER, as shown in Fig. 4 for the RBF-TEQ scheme and
in Fig. 8 for the RBF-I/Q-TEQ scheme. However, in terms of
the FER attained, the best performer was BICM, followed by
TTCM, BICM-ID, and TCM, as was demonstrated in Figs. 4
and 8.
We have also compared the performance of the RBF-
TEQ-CM and RBF-I/Q-TEQ-CM schemes to that of the con-
ventional DFE assisted CM scheme, where the coding gain
of the RBF-TEQ-CM and RBF-I/Q-TEQ-CM schemes is2206 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 3, NO. 6, NOVEMBER 2004
signiﬁcantly higher than that of their conventional DFE-based
counterpart, as we have demonstrated in Sections III and V.
Although the complexity of RBF-TEQ is higher than that of
the conventional DFE, the RBF assisted schemes are capable
of maintaining a lower complexity than that of their conven-
tional trellis-based counterparts, when communicating over
both dispersive Gaussian- and Rayleigh-fading channels, while
maintaining a similar performance [11], [23].
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